A model of biogas generation was modified and applied to the case of a sanitary landfill in Italy. The modifications considered the role of the temperature field normally established within each layer of waste. It must be pointed out the temperature affects the anaerobic biodegradation kinetics. In order to assess the effect of moisture on the waste biodegradation rate, on the bacteria process and then on the methane production, the model was compared with the LandGEM one. Information on the initial water content came from data concerning waste composition. No additional information about the hydrological balance was available. Thus, nine sets of kinetic constants, derived by literature, were adopted for the simulations. Results showed a significant variability of the maximal hourly biogas flows on a yearly basis, with consequences for the collectable amount during the operating period of a hypothetical engine. The approach is a useful tool to assess the lowest and highest biogas productivity in order to analyze the viability of biogas exploitation for energy purposes. This is useful also in countries that must plan for biogas exploitation from old and new landfills, as a consequence of developments in the waste sector.
Introduction
The high management cost for the treatment of wet waste and the increasing need for reducing the quantity of organic fraction in landfills have increased interest in waste management in Europe. Several studies have demonstrated the increased interest in waste management, environmental legislation and recently, from a public viewpoint [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Biological processes under anaerobic conditions drive the production of biogas, namely, a gaseous mixture composed almost entirely of methane (CH4) and carbon dioxide (CO2) [12] [13] [14] . Anaerobic bacterial flora, which is highly specialized and differentiated in strains with a close syntrophic relationship, is responsible of the decomposition of organic material [15] [16] [17] [18] .
In landfilled waste, the biochemical reactions evolve through three phases: an aerobic phase, an acid phase and the methanogenesis, which is the main source of the CH4 contained in the final biogas mixture. The landfill gas is produced by microbial anaerobic degradation of the organic fraction in waste. The biodegradable organic material in waste is made up of vegetable and animal matter, paper, garden waste, wood and textile material. The organic carbon is the common element between biodegradable materials that allows the development of methane production. On the basis of the average composition of municipal waste and previous experimental studies [19] , some considerations can be expressed: organic carbon is about 50% of organic matter (on dry basis) and the organic carbon potentially leading to biogas formation is about 50% of the total organic carbon. Pre-treatments of the organic waste also decrease the biogas potential: bio-drying and bio-stabilization perform a mineralization of the organic matter, whose carbon content is converted to CO2 by aerobic bacteria [20, 21] .
The biogas production in the landfill is influenced by several factors: availability of oxygen, pH, alkalinity, nutrients, inhibitors, temperature and water content. The absence of oxygen is fundamental condition for the growth of anaerobic bacteria: methanogenic bacteria require very low redox potentials (lower than −330 mV) [22] . Another important state is the stability of pH range, since methanogenic bacteria operate with the highest efficiency at a pH between 6 and 8 [23] . These bacteria are very sensitive to pH variation and different operative conditions may lead to low conversion of H2 and acetic acids, with a consequent accumulation of volatile organic acids and consequently a decrease in pH, which can stop the process. An adequate ratio of nitrogen (N) and phosphorus (P) is also required by the anaerobic ecosystem [24] . If there is interest in exploiting biogas for energy purposes, the presence of inhibitors like sulfates, CO2, ammonium, sodium, potassium, calcium, magnesium and some organic compounds is to be avoided in a landfill. Additional key factor is the temperature: laboratory experiences demonstrated that increases in temperature from 20-30 and 40 °C raise considerably the CH4 generation rate [25, 26] . It is noted that the temperature is no more influenced by outside at a certain depth of the landfill, but only by the exothermic fermentative reactions of waste. Furthermore, the relationship between temperature and outside is a function of the insulation properties of the layers of waste deposited.
Another factor, which interferes in the generation of methane in a landfill, is the moisture content. In the past, several studies have investigated the effect of different levels of moisture on bacteria activity [27, 28] . The moisture content controls methane production, since it stimulates microbial activity by providing closer contact between soluble and insoluble substrates and bacteria [29] . In other words, water allows for bacterial life, offers the maximal solid-liquid interface and, then, permits the hydrolysis of organic matter-the diffusion of bacteria-of the hydrolyzed substrate and of nutrients in the heap of waste.
For these reasons, the biogas generation raises significantly with temperature, as demonstrated by the results of several studies [30] . In one of these, it was observed that an increase of the water content implies a logarithmic increase of the biogas production [31] . In addition, waste samples, if led to saturation, generated an amount of biogas higher than one order of magnitude with respect to unsaturated samples. Also, laboratory studies, carried out on lysimeters, showed that a very low amount is obtained in poor moisture conditions. The water content in the waste disposed of in landfill depends on climatic conditions, on the waste composition and on the techniques of collection [2] . Following the disposal, moisture becomes also a function of the coverage, the sealing of the bottom and sides, rainfall, the presence of aquifers and leachate recirculation. Regarding the leachate recirculation, as reported by Abichou [32] , this process decreases the biochemical methane potential, increases the methane yield, the decomposition of solids but also the pollutants' percentage in the final leachate, making it difficult to be treated [33] . However, in order to estimate the biogas generation from landfills, a correct determination of the initial moisture and the hydrological balance is necessary.
In the light of the importance of a correct determination of moisture, the aim of this study is to focus on the problems related to the modelling of biogas generation when insufficient information about the water content and the hydrological balance of a landfill is available. The model developed by Manna et al. [34] was modified by the authors in order to evaluate the generation of biogas from an Italian landfill. Data on the waste composition and estimation of its changes for the incoming years, of a municipal landfill located in the North of Italy, chosen as case-study, are the basis for the model. These data provide the only available information about the water content of the incoming waste to be disposed of.
Difficulties in the choice of an appropriate biogas generation rate for modelling purposes will be discussed and, as an attempt to define a range of reasonable results, different scenarios will be simulated, starting from different biogas generation rates suggested by other studies. At the end, a further comparison with the Landfill Gas Emission Model LandGEM version 3.02 [35] was made in order to evaluate the accuracy of the proposed model.
Materials and Methods
A useful tool to estimate the generation of biogas from the landfill is biochemical modelling. The biogas estimation from the waste anaerobic digestion can be approximated by the following equation:
where:
 Cgas,I, which is expressed in kg, is the amount of organic carbon that could be effectively used for energy purpose for the component I of the waste,  Cgas0,I, expressed in kg, is the organic carbon that could be effectively used for energy purpose at the time t = 0 for the component I,  Ki is the biodegradation rate for the component i.
A stoichiometric model based on the Arrhenius equation, can calculate the organic carbon that can be effectively used for energy production, whilst Ki depends on the characteristics of the component i of the waste and on the temperature, according to the equation:
where  ki is the biodegradation rate constant for the component i,
,  Tw is the waste absolute temperature and T0 is equal to 308.15 K [34] .
To simplify the biogas generation modelling and on the basis of biodegradability, the waste components can be aggregated into three main fractions: a rapidly biodegradable fraction (RBF), made of food waste; a moderately biodegradable fraction (MBF), made of green waste and under-sieve; and a slowly biodegradable fraction (SBF), that contains paper, cardboard, wood and textiles [30] . A specific biodegradation rate constant (ki) can be associated to each fraction. The sum of these three contributions, expressed through integration of Equation (1), allows obtaining the cumulative biogas production (Gt, expressed in Nm 3 ), at the time t:
where g is the specific biogas generation (1.867 Nm 3 kg −1 of biogasifiable organic carbon, if it is assumed that the mixture is made only of CH4 and CO2) [36] . Over the years, different kinds of numerical and mathematical models, of different complexity have been developed and used [37] . Among the most important: the triangular model is a much simplified approach that does not take into account the effect of temperature variation; the two-stage exponential model adopts two biodegradation rate constants, one for the growth stage and one for the decrease phase of the generation rate; the Landfill Gas Emission Model LandGEM is a biochemical model implemented by the U.S. EPA that considers the waste as composed of an only class, thus requiring an only kinetic constant for methane (k) and a potential methane generation per ton of waste (Lo):
 QCH4 is the volume of methane generated annually,  R is the mean amount of waste disposed annually,  c is the number of years from the landfill closure,  t is the number of years from the first disposal [35] .
It is important to highlight that the default values, k and Lo, suggested by the model, are representative of American landfills and, thus, may not be applied directly to European landfills without a calibration on monitored case-studies.
Manna developed a more accurate biochemical model, which considers the temperature variation in time and depth and the landfill settlement. The model describes the behavior of the landfill over three different periods of time. In the first one, the waste is discharged in a test cell and the overall depth of the landfill increases as a function of the time; the cell is divided into an inhibition zone and a reaction zone; in the inhibition zone no reaction occurs, while the reaction zone is involved in the biogas production. The second period is identified with the end of the cultivation of the landfill and an insulation layer covers the heap. In the third period, the entire column of waste contributes to the production of methane and there is no inhibition zone since each layer of waste has a residence time higher than the inhibition time.
This model was originally modified adding a sub-model for the calculation of the temperature field within each layer of waste, which implements the equations of energy conservation at finite differences, integrating them according to the boundary conditions that characterize every cell at a certain time. In the revised formulation, the landfill is no longer described as only a column of waste, but as a series of overlapping cells representing the single layers. An Italian municipal landfill was used to calibrate the modified model [37] . The subdivision of the heap in an active and inactive zone, like in Manna model, is no longer needed. This is because each cell is defined active or inactive depending on whether its residence time is higher or lower than the inhibition time (assumed equal to 4 months in this case), which the user can specify before running the code [37] . Furthermore, the proposed model calculates the internal heat generation (H) due to the exothermic biodegradation reactions of organic matter (subscript i is omitted for simplicity of reading):
 ρw is the density of waste,  ΔEr is the energy released by the biological reaction  ng is the volume of gas that can be generated.
with Ak inhibition factor due to excessive temperature:
0.014 273.15 0.28 340 0 340
Because temperature may increase within the layers until values that can inactivate biological activity of the anaerobic bacteria, the internal heat generation is then limited to a temperature not higher than 340 K, over which inhibitory conditions are established. Every single cell provides its own contribution to biogas generation, since every cell generates a specific amount of biogas calculated on the basis of the field of temperature. To take into account the outside temperature variability, the field temperature, used in the model, was made to depend on the boundary conditions and on the evolution of the thermal state, both for the single cell and for the whole configuration.
The user, for each temporal step, can define the depth of every cell (one month in this case). Using data about the area occupied by each lot and data about the annual amount of waste dumped makes the calculation of the depths an easy step. With the modified model, a better approximation of the evolution of the landfill in terms of its annual expansion is possible. In the case study, information about the historical evolution of the landfill, comprehensive of the dates of activation of each lot, were retrieved, in order to simulate the annual growth of each sector as more accurately as possible. In fact, considering the landfill as composed of an only heap of waste, instead of different heaps, may lead to erroneous results: the creation of different confined environments may entail a higher insulation of the heaps from the outside, since the period of exposure of the waste to the atmosphere is reduced. This may imply a shorter duration of the aerobic phase and, then, an anticipation of the acid phase and of the methanogenesis. Furthermore, considering the landfill divided into smaller and multiple sectors would imply a higher biogas generation, since the biogas production is influenced by the waste age [38] and smaller heaps are composed of waste that has been more recently dumped and covered. Indeed, the cultivation of the landfill sector by sector implies that the covering of each heap takes place after a shorter period with respect to the case of considering the landfill as an only heap. The consequent insulation may promote higher temperatures, close to the optimum for methanogenic bacteria, and the presence of more recent waste may enhance the biogas production. The model provides the possibility to realistically define the landfill and the way this is cultivated.
For the presented case study, the waste composition for the incoming years was estimated with the hypothesis of reaching the goal of selective collection established for 2013, which prescribes a minor content of fermentable organic matter in the total amount of waste to be deposited into the landfill [39, 40] . Data about the waste composition were collected from 2004 (opening year of the studied part of landfill) to 2011; from 2013-2017 (estimated year of closure) the composition was assumed to be constant and equal to that estimated for 2013; for 2012, a mean composition between 2011 and 2013 was assumed, in terms of amount of waste deposited for each class ( Table 1 ). The classes were grouped according to the three fractions presented above (RBF, MBF and SBF). The proposed model was applied also considering the history of the landfill, following its growth sector by sector and assuming the future opening of more sectors. To perform an appropriate modelling of biogas generation process, an appropriate set of biodegradation rates (ki) was needed. The choice of these parameters depends strongly on the specific landfill in which the model is applied to and would require a calibration on each landfill, so this represents the main problem for an accurate modelling. In fact, the biodegradation rates are functions of moisture, which represents the most important factor in the anaerobic decomposition. The absence of a well-designed biogas extraction/monitoring system for the landfill made a calibration on this specific case impossible. Due to the impossibility of choosing one specific set of biodegradation rates, nine scenarios were elaborated on the basis of different values for ki proposed in literature and/or applied to real cases (Table 2) . Thus, nine simulations were run by applying the modified model, covering a period between 2004 and 2040. With the goal to compare the results obtained from the proposed model, the data were implemented also into the LandGEM model. As mentioned above, the parameters adopted in the first method are only kinetic constant for methane (k) and a potential methane generation per ton of waste (Lo). Since the default values suggested by the model (k and Lo,) are representative of American landfills, the following equations were used to adapt the model to the case study. 
 %ri is the percentage of waste in each category  vp is the kinetic constant predetermined by the Mexico LFG model 2.0, as described by Aguilar [36] ,  MCF is the correction factor for methane,  DOC is the degradable organic carbon (fraction),  DOCF is the fraction of degradable organic carbon assimilated,  F is the fraction of CH4 in the biogas, and the ratio 16:12 is the stoichiometric constant.
These relations are used to modify the parameters into the Mexico LFG model in order to estimate the landfill gas generation in a specific landfill. In the case study the following values were adopted: 1 for MCF, 0.1603 for DOC, 0.5 for F, whilst two default values proposed by Intergovernmental Panel on Climate Change (IPCC) were assumed for DOCF: 0.77 [43] and 0.50 [44] .
In order to evaluate the kinetic constant for methane production, %ri were calculated by a weighted average from 2004-2017 for each category of waste (from 2013-2017 the composition was assumed to be constant and equal to that estimated for 2013).
To define the vp factor, different kinds of degradation for each waste component were assumed: a very rapid degradation rate for food waste, a moderately rapid one for green waste and paper, a moderately slow one for wood and under-sieve, a very slow one for cardboard, textiles, diapers, whilst the other materials were assumed inert [37] . The final parameters obtained for the specific case of study were: 0.033 for k, 82.28 m 3 t −1 (with 0.77 DOCF) and 53.43 m 3 t −1 (with 0.50 DOCF ) for L0.
Results and Discussion
By a preliminary analysis of the results of the simulations, three of the nine scenarios (Scenario 1, Scenario 3 and Scenario 9) were excluded from the subsequent step of this study, since their sets of kinetic constants are typical of extreme climatic conditions (dry zones and wet zones), which are far from the ones of the present case study. The other kinetic parameters used for the remaining scenarios could be considered representative of temperate climates. Figure 1 presents the maximal hourly biogas flows on yearly average of 6 scenarios, obtained by the proposed model, and of case A (k = 0.033, L0 = 82.28) and B (k = 0.033, L0 = 53.43) calculated by the LandGEM model. On the basis of the six scenarios, the calculated biogas flows show a large variability, ranging from 114 Nm 3 h −1 to 180 Nm 3 h −1 . Even without observed values of the methane production, it is possible to state that the LandGEM model underestimates the methane generation when it was used a lower factor of DOCF, which represents the degradable organic fraction that is converted into biogas. This may be ascribed to the simple hypothesis of the LandGEM model, which assumes the waste as composed of an only class, thus not contemplating the annual change of the waste composition. Indeed, the higher trend of the methane generation after the closure of the landfill is due to a higher presence of organic matter into the waste than the real situation. Figure 1 . Mean annual biogas flows on yearly average calculated for the case-study on the basis of the six scenarios considered and of case A (red line) and B (blue line); Scenarios 1, 3 and 9 were excluded, since they were considered as extreme situations. Figure 2 presents the maximal volume of collectable biogas during the operating period of the generator. However, such calculation is affected by the variability of the results. It is possible to highlight that, for five of the six scenarios, the most convenient year for starting the biogas exploitation is 2011, whilst, for the remaining scenario (Scenario 6), the maximum collectable volume would have been obtained if the biogas exploitation had started in 2009. Therefore, these results suggest that the biogas utilization should start as soon as possible, in order to exploit the maximal available energy. Hence, the availability of data about the water content of the landfill is of primary importance, since it has a large influence on the kinetics of biodegradation of the organic matter in the waste and on a consequent correct estimation of the biogas productivity, which is fundamental for a cost-benefit analysis if the biogas utilization for energy purpose is taken into consideration. However, the presented approach is a useful tool to estimate the range of exploitable biogas flows and the lowest biogas productivity, which is important to assess the feasibility of the biogas exploitation. This approach is useful not only in countries with a tradition in waste management, like the old EU members, but also in recent EU entries, where the waste management sector needs a reorganization. In the consequent waste management evolution, landfilling plays a central role for a transient period of years. Indeed, the concept of landfill pre-treatment has been postponed for years in new EU entries in order to allow a viable restructuration of the sector that must move from a landfill-based strategy to a source separation strategy. During this period, the EU accepts that landfills are maintained with conventional methods, where the presence of high contents of food waste and other biodegradable waste will allow the generation of a significant amount of biogas for years. For that reason, it is important to set and adopt methodologies, like the one presented in this paper, in order to collect and organize information useful for decision makers (in spite of its environmental impact, biogas from landfills is a renewable energy source that must be valorized when present).
Conclusions
The absence of information on the hydrological balance of a landfill and, consequently, on the water content of the waste entails the inclusion of uncertainties and approximations in the estimation of the biogas potential. The application of the proposed model allowed the generation of a range of biogas potential curves to account for the variability of the expected biogas flows. The proposed model considers the temperature field that is normally established within each layer of waste and that controls, in its turn, the anaerobic biodegradation process, for a more realistic simulation of the biogas production.
The estimation of the potential biogas is particularly important to assess the feasibility of its exploitation for energy purposes. The scenarios created for the simulations differ one from the other for the kinetic constants adopted, which are related to the water content of the waste. As expected, the calculated maximal hourly biogas flows on yearly average, on the basis of the scenarios considered, showed a large variability, ranging from 114 Nm 3 h −1 to 180 Nm 3 h −1 . The results were compared with the output of the LandGEM model (version 3.02), a widespread model adopted in the U.S.A. as reference for estimating the methane productivity from landfills. The application of LandGEM showed the tendency to underestimate the results of the model of Manna modified by the DICAM.
To simulate the biogas exploitation by a generator, a set of efficiency coefficients for the biogas collecting system was introduced, assuming a temporal variability till the year of hypothetical disposal of the generator (2026). The variability of the calculated biogas flows showed repercussions for the maximal collectable volume during the operating period. Hence, the availability of data about the water content of the landfill is of primary importance, since it has a large influence on the kinetics of biodegradation of the organic matter in the waste and on a consequent correct estimation of the biogas productivity, which is fundamental for a cost-benefit analysis if biogas utilization for energy purposes is taken into consideration.
A calibration on the landfill would have been needed, for a more accurate application of the model, but the absence of a spatially well-represented biogas monitoring system did not make it possible. However, the described approach represents a useful tool to estimate the lowest and highest biogas productivity in order to assess the feasibility of the biogas exploitation for energy purposes. Furthermore, it can be used also as a first step for the analysis of the environmental impact of a landfill: the dynamics of biogas generation can be coupled with emission data of organic micro-pollutants (as benzene, PCDD/F, etc.) taking into account the role of fugitive emissions and flue-gas after combustion of conveyed biogas.
Finally, the proposed approach should be adopted having clear limits in mind that come from the limited information available on the history of those landfills to which it is addressed: it must be used as a preliminary exploratory tool.
